Proteins of the Netrin family have been implicated in axon guidance in both C. elegans and vertebrates. Here, we report the cloning and expression analysis of a zebrafish netrin homologue (net1). net1 is expressed in the floor plate and the anterior ventral neural tube. Its expression is ectopically induced by misexpression of sonic hedgehog (shh) and a dominant negative mutant of the regulatory subunit of protein kinase A (dnReg). Ectopic activation of net1, however, is restricted to distinct regions in the brain. Upon overexpression of shh or dnReg in cyclops mutants, which have strongly impaired net1 expression in the ventral neural tube, rescue of net1 expression was observed in the brain but not in the spinal cord. Ectopic expression of dnReg and Shh protein can be detected at high levels throughout injected embryos from pre-gastrula stages onwards suggesting that the competence of the neural plate to respond to Shh signalling activity differs regionally. Similar to net1, axial, the zebrafish homologue of mammalian HNF3b, which is also expressed along the ventral neural tube, is ectopically induced in the brain of embryos injected with dnReg mRNA. Neurons differentiate normally within domains of ectopic net1 and axial expression. Thus, dorsal neuronal differentiation appears to be unaffected despite co-expression of a gene program specific for the ventral neural tube. This also suggests that these ectopically expressing regions have not differentiated into floor plate.
Introduction
Patterning of the neural tube along the dorsoventral axis is controlled by a hierarchy of regulatory events. Initially, the dorsoventral coordinates are established by signals from surrounding non-neural tissue (van Straaten et al., 1988; Moury and Jacobson, 1989; Placzek et al., 1990a; Yamada et al., 1991; Goulding et al., 1993; Dickinson et al., 1995; Mayor et al., 1995; Selleck and Bronner, 1995) . Sonic hedgehog (Shh) secreted from the axial mesoderm is believed to induce ventral cell types such as floor plate and motor neurons (Echelard et al., 1993; Krauss et al., 1993; Riddle et al., 1993; Roelink et al., 1994; Barth and Wilson, 1995; Ericson et al., 1995; Hynes et al., 1995; MacDonald et al., 1995; Marti et al., 1995; Roelink et al., 1995) , while members of the TGFb family of signalling molecules have been implicated in the induction of dorsal fates (Basler et al., 1993; Liem et al., 1995) . Once dorsal and ventral regions of the neural tube have acquired positional identity these regions themselves become sources of further signals that lead to refinement of the pattern, to development of particular neurons and to correct establishment of axonal connections (Basler et al., 1993; Placzek et al., 1993; Liem et al., 1995; Pfaff et al., 1996) .
The netrins from chicken and their homologue unc-6 in C. elegans constitute a novel family of secreted molecules (Ishii et al., 1992; Serafini et al., 1994) . Both genetic evidence from C. elegans (Hedgecock et al., 1990; Wadsworth et al., 1996) as well as in vitro experiments with chicken neural plate explants Serafini et al., 1994; Colamarino and Tessier, 1995a; Shirasaki et al., 1995) suggest that UNC-6/Netrins guide axons. In the chicken neural tube, netrin-1 is expressed in the floor plate , the normal intermediate target of commissural axons, which has been shown to attract and reorient commissural axons from dorsal neural tube explants (Tessier-Lavigne et al., 1988; Placzek et al., 1990b) .
By virtue of its transparency and the availability of mutants with impaired development of the neural tube, the zebrafish embryo provides an attractive experimental system to study the regulation and function of netrins in vertebrate neural tube patterning. The neural tube of a 1-dayold zebrafish embryo is characterised by a limited number of primary neurons which project axons in a stereotyped pattern to form a scaffold of nascent axon tracts (for review see Eisen, 1991; Kimmel, 1993; Kuwada, 1993) . Mutations in the cyclops gene (cyc) impair the development of the ventral neural tube (Hatta et al., 1991) and axonal pathfinding (Bernhardt et al., 1992a; Bernhardt et al., 1992b; Hatta, 1992; Macdonald et al., 1994; Patel et al., 1994) . In the ventral hindbrain and spinal cord of cyc mutants, growth cones display randomised navigation characterised by aberrant joining of ipsilateral fascicles or incorrect crossing over to the contralateral side (Bernhardt et al., 1992a; Bernhardt et al., 1992b; Hatta, 1992) . These pathfinding errors in cyc mutants can be phenocopied by laser ablation of the floor plate in wild-type embryos, suggesting that aberrant axonal navigation at the midline is due to lack of the floor plate in the mutant and not to a requirement for cyc function in the projecting neurons (Bernhardt et al., 1992a; Bernhardt et al., 1992b; Hatta, 1992) . We decided to clone the netrin-1 homologue from zebrafish for two reasons. Firstly, it was of interest to correlate the known axonal guidance defects of the cyc mutant with netrin-1 expression in the zebrafish embryo. Secondly, the pattern of netrin-1 expression in the chicken embryo suggests it as a possible target gene for activation by Shh. We show that the expression pattern of zebrafish netrin-1 (net1) differs significantly from that of its chicken homologue; zebrafish net1 is expressed only in the ventral neural tube and weakly in the hypochord, a single cell wide row underlying the notochord. But, unlike in the chicken, neither the notochord nor the somites show expression. Evidence is provided that net1 expression is responsive to Shh but that other signals are required in addition to establish normal net1 expression. Region-specific restrictions in the ectopic activation of net1 in the neural tube in response to ubiquitous expression of Shh and a dominant negative form of the regulatory subunit of mouse protein kinase A (dnReg) shows that the competence of the neuroectoderm to respond to Hedgehog signals differs regionally. Neurons differentiate normally in dorsal regions of the neural tube that were induced to express net1 and axial (axl) ectopically. Thus, despite expression of ventral marker genes, these regions do not appear to differentiate into floor plate but follow their normal differentiation program. The almost complete absence of net1 expression in the ventral neural tube of 1-day-old cyc mutant embryos makes it unlikely that Net1 is involved in the long-range ventral attraction of primary commissural axons. Net1 may instead be involved in the short-range guidance of primary growth cones after arrival at the floor plate.
Results

Cloning and expression of zebrafish net1
netrin cDNA fragments were isolated by RT-PCR employing degenerate oligonucleotide primers corresponding to protein sequences conserved between chicken Netrins and C. elegans UNC-6 (Ishii et al., 1992; Serafini et al., 1995) . Subsequently, a cDNA and a genomic library were screened with the RT-PCR fragment. The sequence (Fig. 1) was assembled from isolated clones and encodes a putative protein which shows 82% amino acid identity to chicken Netrin-1 (Serafini et al., 1995) . The domain structure of Netrins is also conserved (Fig. 2) . The high sequence conservation between chicken netrin-1 and the zebrafish clone isolated suggests that it is the zebrafish orthologue of chicken netrin-1; we designated this zebrafish clone as net1.
To determine the expression pattern of net1, in situ hybridisation analysis was performed with a digoxygenin-labelled antisense RNA. net1 expression is first weakly detected in two-somite stage embryos. At the five-somite stage, net1 transcripts are expressed in the ventral neural keel and in a discrete dorsal patch in the forebrain anlage (Fig. 3A,B) . The onset of net1 expression in the neural keel/plate is late in comparison to that of axial (axl, zebrafish HNF3b) and shh, whose expression can be detected in the midline of the neural plate at 80% epiboly (Krauss et al., 1993; Strähle et al., 1993) . Also, expression of net1 in the neural plate/keel does not extend as far into the tail bud as that of axl (Strähle et al., 1993) and shh (Krauss et al., 1993) at the five-somite stage. By midsomitogenesis stages, expression of net1 is detectable in the ventral neural keel and weakly also in the hypochord underlying the notochord (Fig. 3C,E) . The ventral diencephalon weakly expresses net1, with the exception of two lateral patches of stronger expression (Fig. 3C ). In the hindbrain, net1 mRNA is also weakly detected in cells above the floor plate (Fig. 3D) ; more posteriorly expression is confined to the floor plate (Figs. 3E and 4F) .
While still overlapping, the expression patterns of net1 and shh differ significantly in the anterior neural tube (compare Fig. 4A ,B with Fig. 4C,D) . Like shh, net1 expression is restricted to the ventral diencephalon and ventral midbrain but does not extend dorsally at the middiencephalic boundary, a pattern that is characteristic of shh expression. Also, shh mRNA demarcates sharply defined domains in the ventral diencephalon and midbrain. In contrast, net1 is expressed more diffusely with higher mRNA levels in two patches anterior to the eyes and the floor of the midbrain.
To correlate the staining pattern with respect to nascent axon tracts and developing neurons, net1-labelled embryos were restained with the zn12 antibody which recognises the L2/HNK1 epitope present on various neurons and axon tracts (Metcalfe et al., 1990; Trevarrow et al., 1990) . The nuclei of the medial longitudinal fascicles (nmlf) reside lateral to the net1-expressing cells in the midbrain. The broad stripe of expression along the floor of the midbrain terminates in a bar-like structure immediately caudal to the nmlf. Posterior to this, net1 expression continues in a narrower stripe in the ventral hindbrain (Fig. 4E ). In the anterior trunk, expression is restricted to the floor plate separated from the medial longitudinal fascicles (mlf) by one to two non-expressing cells (Fig. 4F ).
Cyclops mutant embryos show severely impaired net1 expression
Embryos homozygous for the cyclops b16 (cyc) mutant allele lack a floor plate at 24 h and have defects in the ventral brain (Hatta et al., 1991) . In addition, cyc mutants are characterised by axonal pathfinding errors at the midline of the neural tube (Bernhardt et al., 1992a; Bernhardt et al., 1992b; Hatta et al., 1992; MacDonald et al., 1994) . To investigate whether net1 expression depends on cyc gene activity and to correlate its expression with the known defects in axon guidance, we analysed net1 expression in homozygous mutant embryos. At 24 h, cyc mutant embryos lack expression of net1 in the spinal cord (Fig.  5A,B) with the exception of occasional cells in the tail which express net1 weakly. Expression in the hypochord appears to be reduced in the mutant. A strong area of expression is invariably present medially above the fused eyes of cyc mutant embryos. The ventral brain of cyc embryos is largely devoid of net1 expression (Fig. 5D ) with the exception of weak and diffuse expression in the hindbrain and occasionally also in the midbrain. While expression in the spinal cord is virtually absent in the cyc mutant at 24 h of development, weak expression becomes detectable at 30 h suggesting that the block in net1 expression exerted by the cyc mutation is not absolute. In summary, cyc is required for correct net1 expression. Furthermore, net1 is unlikely to play a role in the long-range attraction of ventrally navigating axons of primary interneurons (CoPA, VeLD neurons) as these axons have already extended ventrally in the spinal cord by 24 h (Kuwada et al., 1990) .
Ectopic net1 expression is induced by shh and repressed by protein kinase A activity
The expression pattern of net1 suggests that the gene is responsive to signals that ventralise the neural tube. We therefore tested whether net1 expression can be induced ectopically in wild-type embryos by microinjection of shh mRNA, the putative ventralising signal from the axial mesoderm. net1 mRNA is ectopically expressed in dorsal aspects of the brain in 35 of 53 (66%) embryos injected with shh mRNA at the one-to four-cell stage. Ectopic expression was not uniform along the neural tube, however, but was found in discrete patches in the anterior neural tube (Fig. 6A) . The most posterior effect that could be scored in injected embryos was a dorsal expansion of net1 expression in the hindbrain; more posterior regions showed no ectopic expression (Fig. 6B) . These results indicate that net1 expression is responsive to Shh signalling. The anterior restriction of ectopic induction by Shh has also been seen with other genes normally expressed in the ventral neural tube (Krauss et al., 1993; Hammerschmidt et al., 1996) . Down-regulation of protein kinase A (PKA) activity appears to be a mechanism by which Hedgehog signals are transduced in target cells (Jiang and Struhl, 1995; Li et al., 1995; Pan and Rubin, 1995; Strutt et al., 1995; Hammerschmidt et al., 1996) . To test the effect of reduced PKA activity on net1 expression, we mimicked down-regulation of PKA activity by over-expressing a dominantnegative regulatory subunit of mouse PKA (dnReg; Clegg et al., 1992) . To correlate the effects on net1 expression with distribution of ectopically expressed protein, the coding region of dnReg was fused in-frame with six copies of a peptide epitope allowing detection with the monoclonal antibody 9E10 (Evan et al., 1985) . Forty-three percent of dnReg-injected embryos (n = 150 embryos) showed ectopic activation of net1 expression ( Fig. 7A-C ). Embryos injected with b-gal control RNA (n = 23 embryos) did not show aberrant expression of net1 mRNA; bGal activity was detected in 65% of injected embryos (Fig. 7F) .
As with shh-injected embryos, patches of ectopic net1 expression were detected in the brain of dnReg-injected embryos but not in the neural tube of the trunk and tail (Fig. 7A-C) . In many injected embryos, areas of ectopic net1 expression formed a reproducible striped pattern with intervening areas devoid of ectopic expression (compare the two examples in Fig. 7A,B) . axl, which is expressed along the ventral neural tube in uninjected embryos, is also ectopically induced dorsally in dnReg-injected embryos in a pattern similar to that of ectopic net1 expression (Fig.  7D,E) .
Immunohistochemical analysis of dnReg-injected embryos with the 9E10 antibody indicates that the restricted activation of net1 does not correlate with the distribution of injected dnReg; dnReg protein is expressed in cells evenly distributed along the entire length of the neural tube, albeit in a mosaic fashion (Fig. 7G) . Uninjected embryos (Fig. 7H ) incubated with both primary and secondary antibody and dnReg-injected embryos (Fig. 7I ) treated with secondary antibody alone did not show horseradish peroxidase staining. To assess also the distribution of ectopically expressed Shh, a myc-tagged version in which the myc-tags were fused to the carboxy-terminus of shh was injected. The myc-tagged Shh has inducing properties identical to the untagged version (data not shown). Expression of the myc-tag was detected throughout the neural tube of shh-myc RNA-injected embryos (Fig. 7J,K) . Expression of the myc-epitope was detected as early as pre-gastrula stages in shh-myc-and dnReginjected embryos, and dnReg was found to be full-length at 24 h as assessed by Western blotting (data not shown; N. Foulkes and U.S., unpublished). Regionally restricted expression or degradation of the proteins cannot, therefore, account for the failure to ectopically activate net1 uniformly in the neural tube. The ectopic activation of net1 in specific territories of the neural tube suggests differing competence to respond to reduction of PKA activity.
The strongly impaired expression of net1 in the ventral neural tube of cyc mutants suggests that cyc acts upstream of net1 in the developmental pathway controlling floor plate development. To test the epistatic relationships of cyc and net1 with respect to the ventralising signal shh, cyc mutants were injected with shh or dnReg mRNAs. Overexpression of both shh and dnReg mRNA leads to ectopic expression of net1 (shh, 44% of injected cyc embryos, n = 41; dnReg, 68% of injected cyc embryos, n = 22) in the brain of cyc mutants ( Fig. 8A,C; see Fig.  5D for comparison with uninjected control) suggesting that cyc activity is not required for ectopic activation of net1 in the brain and that mutations in cyc do not impair the shh signalling pathway. Ectopic expression of net1 in the cyc brain appears less restricted to sharp boundaries as seen in wild-type. Rescue of net1 expression was not detected in the ventral neural tube of the trunk and tail of cyc embryos, suggesting that neither shh signalling nor lowering PKA activity is sufficient to rescue net1 expression in the posterior neural tube of the mutant (Fig. 8B,D) .
Expression of net1 and neuronal differentiation are not mutually exclusive
Activation of net1 and axl in dorsal aspects of the neural tube upon overexpression of Shh signalling activity suggests that these regions have acquired ventral neural tube character. To correlate patches of ectopic expression with known landmarks in the 24 h brain and to assess the effect of these ectopic domains of net1 expression on regional differentiation, embryos injected with dnReg mRNA were hybridised to net1 probe to mark domains of ectopic expression and subsequently restained with zn12 antibody. net1 was ectopically activated in the dorsal diencephalon and dorsal aspects of the midbrain. The stripes of ectopic expression in the hindbrain correlate roughly with rhombomeres 2, 4 and 6 (Fig. 9A,B and data not shown) as determined by the position of the ear, the acousticovestibual ganglion, the trigeminal ganglion and segmentally arranged reticulospinal neurons . In addition to these anteroposterior restrictions, ectopic activation appears also limited along the dorsoventral axis; in the posterior hindbrain, ectopic expression was limited to the ventral third of the neural tube.
Development of the axon scaffold is not impaired in 24 h old embryos which strongly misexpress net1 (Fig. 9A,B) . The lateral longitudinal fascicles are unaffected by ectopic domains in the hindbrain (Fig. 9B ) and the axon scaffold in the forebrain appears also unaffected (zFig. 9A and data not shown). This suggest that the dorsoventral patterning of the brain, as reflected by the development of axon tracts at their usual dorsoventral positions, is not affected. To test a possible function of net1 in dorsoventral guidance of axons, we examined dnReg-injected embryos (n = 20) double labelled with net1 probe and zn12 antibody for neurons that extend their axons ventrally; it was envisaged that axons might be misguided by the ectopic sources of Net1. Ventrally navigating axons such as reticulospinal neurons of the hindbrain (Fig. 9C,D) pass ectopic domains undisturbed following their normal route towards the ventral midline. The dorsally navigating axons of the posterior commissure appear also unaffected by ectopic net1 (Fig.  9E) . The level of ectopic expression of net1 was comparable or in some cases even stronger than the normal expression in the ventral neural tube. Together, these results suggest that these L2/HNK1-positive axons in the brain of 24 h old embryos are not responsive to Net1 signal.
Surprisingly, neurons differentiate normally within domains of ectopic net1 expression (for examples see Fig. 9A,C,D, white arrowheads) . The nmlf, which is located laterally to the net1 expression domain in the midbrain of uninjected embryos (see Fig. 4E ), develops normally within ectopic domains of net1 expression in injected embryos (Fig. 9A,E) . Reticulospinal neurons in the hindbrain, which normally lie outside of the net1 expression domain, differentiate within domains of ectopic net1 expression (Fig. 9C,D) . Similarly, neurons differentiate normally within regions ectopically expressing axl (Fig. 9F) . The level of ectopic axl mRNA is higher than that of the normal expression in the floor plate (Fig. 9G) . Thus, reduction of PKA activity and concomitant activation of a gene program that is characteristic for the ventral neural tube does not interfere with region-specific, dorsal neuronal development.
Discussion
Here, we report the cloning of net1, a netrin homologue from zebrafish. net1 is expressed in the ventral neural tube and its expression is induced ectopically by misexpression of shh and inhibition of protein kinase A. Although high sequence conservation between zebrafish net1 and chicken netrin-1 suggests that they are orthologous members of the netrin gene family, the expression patterns of zebrafish net1 and chicken netrin-1 are similar but not identical. Both genes are expressed along the ventral aspects of the neural tube in the two organisms. Chicken netrin-1 is also expressed in the notochord and the dermomyotome , tissues in which expression of net1 was not detected in the zebrafish embryo. The only non-neuroectodermal structure which expresses net1 in the 24 h old zebrafish embryo is the hypochord, a row of cells underlying the notochord which is only found in lower vertebrates (Hayek, 1931) .
The onset of net1 expression in the neural plate/keel is delayed with respect to axl and shh which are also expressed in the midline of the neural plate (Krauss et al., 1993; Strähle et al., 1993) . While net1 mRNA is first detected during early somitogenesis stages, axl and shh expression are already evident in the neural plate several hours earlier during late gastrula stages. As both axl and shh have been suggested to be involved in the specification and maintenance of the floorplate (Krauss et al., 1993; Strähle et al., 1993) , the delay of expression of net1 relative to these two genes indicates that net1 is not an immediate response gene to floor plate inducing signals and suggests that synthesis of additional factors is required for net1 expression in the floor plate.
net1 expression is responsive to Shh signalling. Injection of shh or dnReg mRNAs leads to ectopic activation of net1 in the anterior neural tube. This restricted ectopic induction of ventral marker genes in the anterior neural plate has been observed previously by others using different ventral neural tube markers (Krauss et al., 1993; Hammerschmidt et al., 1996) , but the distribution of the injected material was not monitored in these earlier reports. Our data suggest that the differential response is an intrinsic property of the different regions of the neural tube to respond to the misexpressed proteins. Ectopically expressed dnReg and Shh protein could be detected throughout the embryo from early gastrula stages onwards and Western blotting indicated that the proteins translated from the synthetic mRNA remained full length in extracts made from embryos up to 24 h after injection. net1 expression is not rescued in the ventral spinal cord of cyc embryos by misexpression of Shh or dnReg while the responsiveness of net1 expression to misexpression of the two proteins in the brain is similar in cyc mutant and wild-type embryos. As injection of shh mRNA causes ectopic activation of net1 in the brain of cyc mutant and wild-type embryos only, one may speculate that Shh signalling by itself may not be sufficient to induce the correct spatial pattern of net1 expression posteriorly and that the cyc locus encodes a protein which lies in a pathway parallel to that which transduces the Shh signal.
Even within the anterior neural tube, the ectopic activation of net1 is not completely homogenous. The almost segmented pattern of net1 induction in the midbrain and hindbrain is reminiscent of the proposed segmented organisation of the brain in zebrafish and other vertebrates (Figdor and Stern, 1993; Krumlauf et al., 1993; Puelles and Rubenstein, 1993; MacDonald et al., 1994) . It remains unclear why these regions selectively respond to misexpression of dnReg. Perhaps particular aspects in the later differentiation and function of these regions may involve cAMP signalling, thus making them more susceptible to the effects of reduction of PKA activity.
It has been suggested that the competence of the Xenopus neuroectoderm to respond to Shh varies spatially and temporally during development in vivo (Ruiz i Altaba et al., 1995) . Our results suggest that most of the zebrafish neuroectoderm is unable to respond to high levels of Shh and dnReg protein. The inability of most of the neuroectoderm to respond appears to be an intrinsic property. This suggests that the activity of the injected molecules differs regionally and that other factors might be required in addition to Shh to specify a functional ventral neural tube. These additional factors may not be required for floor plate induction when neural plate explants are exposed to Shh in vitro. In vivo, however, influences from other regions of the neural tube such as dorsalising factors (Basler et al., 1993; Liem et al., 1995; Tremblay et al., 1996) or influences from surrounding non-neural tissue may prevent ectopic floor plate formation by Shh on its own.
Although net1 can be induced in dorsoanterior aspects of the neural tube by overexpression of shh or lowering PKA activity, the region-specific dorsoventral differentiation of the brain is remarkably unchanged. Longitudinal axon tracts occupying distinct dorsoventral positions were unaltered, indicating the normal specification of dorsoventral coordinates in injected embryos. Dorsolateral neurons still follow their normal differentiation pattern even though they express net1 ectopically. Like net1, other markers of the ventral neural tube, axl and F-spondin are ectopically expressed in the anterior brain in response to misexpressed shh (Krauss et al., 1993; Hammerschmidt et al., 1996; and this report) . This indicates that the overall dorsoventral patterning of the anterior neural tube is unaf- fected in injected embryos despite co-expression of genes normally expressed in the ventral neural tube. Furthermore, regions of ectopic net1 expression in the brain do not appear to behave like floor plates. In in vitro explant recombination experiments, the floor plate has been shown to have, depending on the specific neurons in the brain, either growth cone-repelling or -attracting activity . Ectopic patches of net1 expression did not appear to alter the navigation of zn12-positive neurons in the 24 h brain.
Chicken Netrin-1 was initially purified because of its ability to attract growth cones of axons from lateral neural tube explants in a manner similar to the floorplate Serafini et al., 1994) . This, in addition to its expression in the floor plate, suggested that Netrin-1 is the mediator for the attraction of spinal commissural axons by the floor plate. In cyc mutant embryos primary commissural axons of the trunk and tail migrate ventrally (Bernhardt et al., 1992a) despite lack of net1 expression in the ventral midline of the spinal cord. These findings appear to be at odds with in vitro experiments using chick neural tube explants as sources of axons. There is evidence from vertebrates other than zebrafish that axons can extend ventrally in the absence of a floor plate. Commissural axons in chicken dorsal neural tube explants grow axons ventrally in isolation (Colamarino and Tessier, 1995b and references therein). Furthermore, axons extend ventrally in the neural tube of mouse, Xenopus and chicken embryos in which the floor plate has been ablated by experimental or genetic means (Bovolenta and Dodd, 1991; Clarke et al., 1991; Yamada et al., 1991) . Drawing from these observations, it has been suggested that the floor plate is not required for the initial ventral navigation of axons along the edge of the neural tube but may be involved for guidance of axons through the motor columns once they have developed (Colamarino and Tessier, 1995b) . As both notochord and somites express netrin-1 in the chicken embryo, these tissues may provide a gradient of Netrin-1 signal in the neuroectoderm that compensates for a lack of the floor plate. In the zebrafish embryo, neither notochord nor somites express net1. This, together with the severely impaired net1 expression in 24 h old cyc embryos, makes it unlikely that net1 controls the stereotyped ventral navigation of primary commissural axons. Cues other than net1 must be responsible for the stereotyped ventral projection of primary neurons.
In contrast to primary ventrally extending neurons (CoPA and VeLD) which are not affected in their ventral navigation by lack of the floor plate, a proportion of secondary commissural axons (CoSA), which extend axons ventrally several hours later than the primary neurons, show pathfinding errors at a distance from the floor plate. In the cyc mutant, 17% of CoSA axons incorrectly join the dorsal longitudinal fascicle before extending ventrally (Bernhardt et al., 1992b) . The observed partial recovery of net1 expression in the spinal cord of cyc mutants, which coincides with the time when the CoSA neurons extend axons ventrally, may explain the low penetrance of the guidance defect. Although the ventral guidance of primary CoPA and VeLD axons as well as axons of reticulospinal neurons in the hindbrain appears unaffected in cyc mutants, growth cones of these neurons display pathfinding defects once they have reached the ventral neural tube in the mutant (Bernhardt et al., 1992a; Bernhardt et al., 1992b; Hatta, 1992) . Net1 may therefore have a short-range guidance function for primary axons at the floor plate. Such a function is not ruled out by the unresponsiveness of axons to ectopic domains of net1 expression at dorsolateral positions in the anterior neural tube as growth cones may change their sensitivity to guidance cues at the floor plate. In rat embryos, for example, migrating growth cones of commissural axons express the adhesion molecule TAG-1 until they reach the ventral neural tube, at which stage they down-regulate TAG-1 and begin to express a second adhesion molecule, L1 . It is possible that this change in the adhesional properties of the growth cones is accompanied, upon arrival at the ventral neural tube, by a change in responsiveness to guidance cues, such as Net1.
Materials and methods
Fish stocks, embryo production and mutagenesis
Wild-type zebrafish were purchased from a local dealer. cyclops b16 heterozygotes were a gift from C. Kimmel. Fish were bred and raised as described in Westerfield (1993).
Cloning of net1 from zebrafish
RT-PCR using primers (5′ primer, GGCAGCGAATTC-CATATGTCICCIGTICTICAA/GGAC/TTGG; 3′ primer, GCAGCCGGATCCITTICAITAITTT/CTTCATG/ATT) spanning regions conserved between unc-6 and chicken netrins resulted in an 800 bp amplified fragment that was subcloned into the EcoRI and BamHI sites of Bluescript SK (Stratagene) and sequenced. Subsequent screening of a cDNA (kindly provided by J.M. Garnier) and genomic library (kindly provided by S. Stachel) using the PCR fragment as probe were carried out as described (Sambrook et al., 1989) . The isolated 4 kb cDNA was subcloned in Bluescript SK (Stratagene) and sequenced on both strands. As the cDNA lacked sequences at the 5′ end, the complete sequence was obtained from both 5′ RACE products (Frohman, 1990) and direct sequencing of the genomic clone.
Plasmid construction and RNA injections
The coding region of a dominant-negative form of the mouse regulatory subunit RIa carrying mutations in both cAMP binding sites was amplified from plasmid MT-REV(AB) neo (Clegg et al., 1992) using Pwo polymerase (Boehringer) and 5′ and 3′ primers that contained StuI and XbaI sites, respectively. pCS2dnReg was generated by inserting the PCR fragment between the StuI and XbaI sites of pCS2mt (Turner and Weintraub, 1994) downstream of six myc epitopes recognised by monoclonal antibody 9E10 (Evan et al., 1985) . pCS2shh-myc was generated by PCR amplification of the shh sequence with primers allowing in-frame insertion of the shh coding region upstream of the myc-tags in pCS2mt.
pSP64Tshh (Krauss et al., 1993) and pSP6nucbgal (Vise et al., 1991) were linearised with XbaI and XhoI, respectively. pCS2dnReg and pCS2shh-myc were linearised with NotI. Capped RNA was transcribed using a SP6 kit (Ambion), following the manufacturer's instructions. The integrity of synthetic RNA was checked by agarose gel electrophoresis. RNA was diluted in water and phenol red was added prior to injection to give a final concentration of 0.2% phenol red and 200 mg/ml RNA. Injection into one blastomere of one-to four-cell stage embryos was carried out using a gas-driven microinjection device.
In situ hybridisation and immunohistochemistry
Net1 probe was transcribed with T7 polymerase from pnet7 a 600 bp subclone in Bluescript SK linearised with XhoI. shh and axl probes were prepared as described (Krauss et al., 1993; Strähle et al., 1993) . In situ hybridisation and immunohistochemistry with mouse monoclonal antibodies zn12 (anti L2/HNK1, Trevarrow et al., 1990) and 9E10 (Evan et al., 1985) were carried out as previously described (Strähle et al., 1993; Strähle et al., 1996) .
bGal mRNA injected embryos were fixed in BT-Fix (Westerfield, 1993) for 1-2 h at 4°C, washed three times in 1 × PBS, 0.1% NP40, washed once in bGal staining buffer (1 × PBS, 4 mM MgCl 2 , 3 mM K 4 [Fe(CN) 6 ], 3 mM K 3 [Fe(CN) 6 ]) and then incubated at 37°C in 1 ml bGal staining buffer with 0.2% Xgal and 80 units RNasin for 1-2 h. Embryos were refixed in BT-fix overnight before in situ hybridisation with net1 DIG probe.
